Introduction
The problem of discriminating colour (mis)matches as potentially observed by a human subject arises in a diverse variety of applications. One particular example is that of manufacturing quality assurance, in which it is necessary to ensure that product components only differ in colour within limits set by the discriminating ability of the product end-user. Two approaches have been available to deal with the problem: (1) A human expert evaluates the acceptability of a product sample, normally by comparison with some reference sample since human colour perception is well known to be more reliable for discrimination tasks (Houstoun, 1932) than for assessment of absolute colour. This approach is attractive in representing the true process cost function (i.e. the perception of the customer), but has the disadvantages of subjectivity, limited availability of expertise (i.e. people with``a good eye'') and a lack of quantification. (2) Some form of colorimetric measurement may be used, which provides objective and quantitative results, but which may be expensive and is often difficult to interface to a production process.
The real need is for a flexible, cost effective, colour difference quantification system. This contribution describes the realisation of such a system and its application to a real industrial application at the premises of a domestic cooker manufacturer (Stoves Ltd). The approach relies upon the development of a processing methodology that compensates for reduced data quality by the acquisition of sufficient data to produce higher quality information using statistical methods. Of course, the colour discrimination required by such applications is fine and the issue is addressed in this contribution.
System description

Hardware
The initial development has been concerned with manufactured items that are sufficiently small for manual manipulation. Consequently it has been possible to assemble the optical components of the monitoring system within an enclosed volume (1200Â800Â1500mm), which provided sufficient isolation from variable environmental illumination while giving physical access for the tested components from one side. The enclosure interior was painted matt black to minimise stray reflections. The optical elements of the system were a CCTV camera and a lamp mounted on adjustable supports, along with the two objects to be compared. The latter were placed on a shelf inside the closed end of the enclosure through an access hatch ( Figure  1 ). The illumination was provided by a 20W 3200K dichroic lamp, chosen as an example of broad spectrum lighting likely to be encountered by Stoves' deployed end products. The camera was a Korea Communications Co. CA-HO38C.
The composite video output from the camera was interfaced to a PC by means of a low-cost video capture card. The increase in domestic applications requiring a video signal to be interfaced to a PC has led to the availability of numerous cards suitable for this purpose at substantially reduced costs, but with only limited signal quality.
Data capture
In addition to cost, domestic market video capture cards have the advantage that most support software control through a simple and generic interface to the MS Windows 9x operating system. Hence, reliance on particular suppliers is avoided. Software written at CIMS implements data capture through the medium of this interface by capturing each frame as a 24-bit colour image and averaging the red, green and blue pixel values over rectangular regions set by the user.
Values were recorded for two regions of the image, one on each of two objects being compared. To allow for the erosion of data quality by random noise, a series of values were collected for later statistical processing, the number of values collected being set by the user. As knowledge of the size of the random noise contribution across the range of colour values improves it should be possible to establish a recommendation for the user of the number of samples required to achieve a satisfactory result under particular conditions. However, for development purposes some 200 samples have proved to be satisfactory. The frame rate at which the data can be acquired was dependent on the processing rate of the PC and the image size used, but 15 frames per second was found to be supportable on a 200MHz Pentium without difficulty.
Once a series of values had been collected, the positions of the objects were exchanged and a further series of values of similar length collected. This allows systematic errors produced by small differences in the lighting of the objects to be eliminated during the data processing stage.
Data processing
The colour parameter values stored for each frame processed were the differences between the objects (D P , where P stands for the particular parameter) rather than their absolute values. This eliminated any spatially uniform, but time varying offset errors.
To eliminate the systematic error produced by small spatial variations in the illumination, the same differences between the objects were determined with the positions of the samples exchanged. The value measured to indicate the size of the deviation between the two samples was then the amount by which the measured difference changed on the exchange of positions. Such a change is ascribed to a difference between the chromatic reflectances of the pigments of the objects, modified errors from random noise.
To account for random errors, an equal number of values were recorded for each sample position, as described above, and limits on the amount of the change in the differential value were estimated statistically according to a confidence threshold set by the user.
The statistical procedure was based on an analysis of variance to which a double-sided ttest was applied to inform the user that, with requested confidence , the change in the chromatic parameter under consideration on exchanging the samples was between the calculated lower limit L l and upper limit L u . That is, the assertion
where RD P is the change in the parameter difference on exchanging the samples, would, given the data values collected, be true on 100(1-) per cent of occasions. Thus, if L l 0 L u it cannot be stipulated with confidence 100(1-) per cent that there is any difference in the chosen parameter for the two samples.
The principle is illustrated by Figure 2 . The difference between the values of the chosen parameter for the two sample objects is plotted on the x-axis, i.e. the value for the plate in position i minus that for position j. Because a series of values were collected, subject to noise, a plot of the values against their frequency gives some distribution, idealised as Gaussian in the figure (solid line). The plate positions were then swapped, giving another distribution. If there is no difference in the parameter values for the plates, the values at positions i and j will be the same again and the distributions will coincide (assuming the illumination has not changed, the effects of any spatial gradients in it will cancel). If the parameter values are different, the value of the parameter at position i minus the value of the parameter at position j must change (A-B cannot equal B-A unless A=B).
Therefore the position of the distribution of difference values changes (broken line). Hence, if we measure how far the distribution moves, we have a quantification of the effect of the difference in parameter values for the given lighting conditions. The purpose of adopting this procedure, rather than just measuring differences in parameter values with the plates in one position, is to allow the illumination differences to cancel when the plate parameters are the same. If the distribution moves only a small distance, we cannot be confident that the difference is real and not just a chance phenomenon caused by the noise. Hence we apply the t-test to evaluate the range of values in which the measurement may be said to fall with the required confidence.
Colour parameters have been quantified using the HLS (Hue, Lightness, Saturation) colour system (see e.g. Lekowitz and Herman (1993) ). Preliminary tests suggested a tendency for the greatest proportion of the noise in the colour signal (i.e. before input to the system electronics) to arise in the lightness component (i.e. affecting all sensor channels equally). Thus the HLS system enabled some separation to be obtained between high and low quality data. In all calculations involving hue differences, the periodicity of this quantity is taken into account by measuring the size of the smaller angle between the hue values on the hue circle. 
Testing
Test conditions
Tests were conducted using pairs of glass back-painted plates as the sample objects. The paint applied to both plates in each pair was identical, but each of the pair had been baked at different temperatures (2658C and 3108C). This is the standard procedure used to supply sample plates representing the limits of the acceptable colour range for painted glass components. It is envisaged that in regular commercial operation plates such as these would be used to provide fixed references against which the system would compare product samples. Tests were performed using dark blue and dark green plates. These were chosen as having presented particular difficulties to the quality control operation in the past.
The camera used in the tests was fitted with a 4mm lens. Using the camera's on-board system of adjustment, white balance was set to 3200K, shutter speed to automatic, iris to on-board automatic regulation (CCD setting) and all other features were switched off. The camera and lamp positions were adjusted so that the image of the samples filled the frame and no specular reflections were visible in the image (Figure 3) .
A total of 200 data values were collected for 20x20 pixel areas on each plate. Table I . All tests were conducted within a few hours of each other except for a final measurement of the change in differential hue for the blue sample plates (trial 4), which was taken 2 weeks later to explore any longer term drift effects. Each row in the table gives the confidence limit chosen by the user, followed by the lower and upper limits for the change in hue, saturation and lightness differences when the plate positions were exchanged. Each column gives the results for different confidence levels and different samples or repeated tests. The results show a substantial level of selfconsistency with the following general trends:
Results
Results of initial trials are shown in
. There are changes in hue difference of typically ±1.1 to 11.28 for the blue plates and 0.075 to 0.958 for the green plates.
. There are changes in saturation difference of typically 0.071 to 0.088 for the blue plates and ±0.011 to 0.074 for the green plates. Thus, for all parameters, the deviation between the blue plates (H~1.4 percent, S~4 percent of magnitude of fullscale deviation, i.e. 3608 and 2, respectively) was greater than for the green (H~0.14 percent, S~1.6 percent).
It should, however, be noted that the tests were undertaken with samples having low absolute values of saturation and lightness. The implication of this is that the signal levels were close to the electronic noise level, so constituting a difficult, but often realistic, measurement situation. However, this is not dissimilar to the colour response situation of the human eye under which the expert operates, so making a comparison with subjective judgement consistent.
Discussion
To date, verification of results given in Table I has relied on comparisons with the discrimination of a professional expert employed by the product manufacturers (Stoves Ltd.) during their inspection procedures. The outcome of such an assessment was that the expert judged there to be negligible difference between the two green plates, but that there was a significant difference between the two blue plates. Consequently, there was agreement between the expert judgement and the quantitative Figure 3 The camera's view of the blue glass sample plates results of Table I, suggesting that the thresholds for significant differences lie in the approximate ranges 0.14%<H<1.4% and 1.6%<S<4% in the regions of colour space considered.
The only substantial inconsistency in the results was the failure to detect a change in hue difference in trial 3. However, at a lower confidence level, the inconsistency disappears and so, while there was some loss of accuracy, the results of this trial are still in broad agreement with the others. The inconsistency of the saturation results for trial 5 involves such low numbers as to be insignificant in terms of human discrimination.
Conclusions
A level of discrimination was achieved, between the reflective chromaticities of quality control samples, comparable with that of a human expert. Repeated tests on the same samples indicated that a practically useful level of consistency is obtainable. These results show that the combination of difference measurements with a statistical approach in a camera based system is a viable solution to the need for quantitative colour comparison at low cost.
For the particular samples used in the tests, it was shown that there is a substantial difference in hue between the blue sample plates and a smaller difference between the hues of the green plates, when viewed under the illumination described. Differences in saturation and lightness were of a size that is not believed to be significant for the Stoves application.
Future developments will need to take account of the following:
. A wider range of sample colours and geometries need to be explored.
. A range of different, but commonly encountered, light sources will need to be investigated to establish the breadth of applicability of the approach.
.
Further tests with human experts need to be undertaken to define the boundaries of acceptable disparities. In parallel with the work reported here, other colour camera based monitoring applications are being implemented at the Centre for Intelligent Monitoring Systems (CIMS). These include the monitoring of temperature distributions (Desai, 1997) , neonatal toxin levels (Tomtsis, 1999) and industrial process variables (Russell et al., 1994 (Russell et al., , 1996 . A number of generic colour monitoring developments will also be applicable to these projects. Appendix: System resolution
The differences in colour parameter values that the system was able to resolve are considered. Figure A1 shows hypothetical frequency distributions of results as a function of P i À P j (see Figure 2 ) with confidence limits on the separation of the distribution means, L l and L u , superimposed. Each figure corresponds to a different degree of similarity between the data set means. If L l ÀL u , the means of the distributions are identical ( Figure A1a ). The condition L l ÀL u is used rather than L l L u 0 since the distributions may exhibit different spreads about the mean. Figures A1b-d show how L l and L u vary as the two P i À P j distributions become increasingly different. The difference in colour parameter values remains indistinguishable as long as L l`0 and L u b 0 ( Figure A1b) . The threshold of discrimination between the parameter values is reached when L l 0 (or, for an opposite sense displacement, L u 0) ( Figure A1c ). Once L l and L u are both positive (or both negative), the parameter values are distinguishable with the required confidence ( Figure A1d) . Clearly, if a lower level of confidence were acceptable (causing the endpoints of the confidence limits to move closer to their respective means) the threshold of discrimination would be reached sooner. This illustrates the trade-off between the required confidence and resolution.
The separation between the means determined in the experiments may be estimated from the values of L l and L u if equal width distributions are assumed. The resolution threshold on RD P is then equal to the width of the confidence interval for one of the distributions
Experimental separation of the means is then
If it is further assumed that the parameter values P i and P j respond linearly to differences in the illumination, then D P P i1 À P j2 ÀP 12 À P j1
i.e. the difference D P in the parameter values before exchanging the plate positions is equal to minus the difference after the exchange of positions. The size of the change in D P , is therefore
Application of the same assumptions to the threshold value of equation (1) gives a threshold separation of
The results from the tests in Table I , when inserted in equation (2) give, for the hue parameter, separations and resolvable separation values of the order of 3.38 for the blue plates and 0.268 for the green plates. Equation (3) gives resolution thresholds of the order of 1.28 for the blue plates and 0.148 for the green plates. It is customary in chromatic processing to express hue values in terms of a nominal dominant wavelength (Russell et al., 1998) . Pure red and pure blue have hues of 08 and 2708, respectively. Taking the centroids of the red and blue sensor responses to be 450nm and 725nm, respectively, the corresponding difference in wavelength is 275nm. The conversion factor from hue to dominant wavelength is therefore approximately 1 so that the dominant wavelength corresponding to the 3.38 and 0.268 separations are 3.3nm and 0.26nm. Since the expert human observer could discriminate the difference between the blue plates, but not the green, the results show that, for these colours at least, the resolution of the system is sufficient to satisfy inspection requirements.
